Abstract-This feasibility study was conducted to evaluate design features of the novel intraurethral valved catheter, Surinate (Urovalve, Inc; Newark, New Jersey). The device extends from the bladder neck to just beyond the external sphincter and contains a valve that can be activated by an external magnet for bladder emptying. Five patients were recruited from the Edward Hines Jr Department of Veterans Affairs Hospital spinal cord injury population. We conducted cystometry and cystoscopy to evaluate the lower urinary tract. Then, the device was inserted for 24 hours with careful monitoring. The catheter was removed from the first patient because he developed autonomic dysreflexia during implantation. The next four patients used the catheter overnight and tolerated it well: one with independent use and two with increased abdominal pressure. Emptying time was 208 +/-99 s, residual was 42 +/-33 mL, and the first-stream flow rate was 1.8 +/-0.7 mL/s. The safety tether was used in three patients because the extraction device did not work. Results showed effective implantation and stability of the device in the urethra. However, objectives for use and extraction were not met. This feasibility study provided important information that will help guide design improvements for the intraurethral valved catheter.
INTRODUCTION
The most common methods of bladder management following spinal cord injury (SCI) include indwelling Foley catheters, external condom catheters, and clean intermittent catheterization (CIC) [1] [2] [3] [4] [5] [6] . CIC is considered the standard of care because long-term outcomes with this method have been shown to be better than with the other methods. However, all the methods have limitations for some patients who may have problems in the areas of urinary tract infections (UTIs), urethral trauma, and difficulty with the use of anticholinergic medications as part of some of the methods [4, [7] [8] . Various surgical procedures have been developed to improve upon methods of bladder management, such as sacral nerve root stimulation, urinary diversion, and suprapubic catheters, but all the surgical methods are invasive and have limitations [9] .
This study evaluated the feasibility of a new type of internal urethral catheter that spans from the bladder neck to just distal to the striated urethral sphincter and contains a magnetically actuated valve that allows for the controlled flow of urine. This intraurethral valved catheter is the Surinate ® (Urovalve, Inc; Newark, New Jersey) (Figures 1-2 ). The device was designed to provide the following features: (1) allow bladder emptying by the patient through the use of a magnetic valve and (2) avoid having a catheter pass through the urethral meatus, a known risk for UTI. The Ontario Neurotrauma Foundation (http://www.onf.org) has highlighted this area of research for funding of new approaches for SCI bladder care [10] .
The objectives of this 24-hour feasibility study were to (1) assess insertion and extraction instruments and methods; (2) determine whether the device migrates from the position of original placement; (3) assess function and mechanical reliability of the device for bladder emptying based on measurement of urine flow rate, residual volume, and ease of operation by the patient; and (4) assess safety and tolerability during the period the device is in the urethra.
MATERIALS AND METHODS
Five adult male patients with complete or incomplete third thoracic or lower SCI, a neurogenic bladder, and a documented history of chronic urinary retention or incontinence were recruited from the SCI service for this prospective study (see Table 1 for detailed medical history). This study was conducted under the approval of the Edward Hines Jr Department of Veterans Affairs Hospital Investigational Review Board, with investigational device exemption from the U.S. Food and Drug Administration.
Following enrollment and informed consent, we screened all patients with medical history, physical examination, and urine dipstick analysis to evaluate for UTI. Additionally, all patients were given a 4-day course of a prophylactic oral antibiotic beginning on the morning of the study. Adverse events are reported as well as function and any difficulty with the device.
Cystometry
Next, we conducted cystometry with a rectal balloon and recorded abdominal pressure with a dual lumen urodynamic catheter (model DLC-6D, 6 French, Life-Tech, Inc; Stafford, Texas) in the bladder. Vesical pressure is an important pressure to report because it is the total pressure that promotes urine flow. Vesical pressure is defined as detrusor pressure (pressure due to the bladder wall) plus abdominal pressure; it is the pressure recorded in the bladder after a hydrostatic zero pressure is set external to the patient and at the top of the suprapubic bone. We can obtain detrusor pressures by subtracting abdominal pressure from vesical pressure. Filling was conducted at 50 mL/min to a volume of 300 mL or until a detrusor pressure of 50 cmH 2 O. A filling volume of 150 mL with a detrusor pressure of 50 cmH 2 O or lower was required for continuation in the study. During cystometry, the patient's head was elevated on average 20°. One patient was prone (0°) because of recent surgery on a decubitus ulcer. Blood pressure and pulse were monitored throughout the entire procedure.
Cystoscopy
Following cystometry, we performed cystoscopy using a 15 French flexible cystoscope to assess the lower urinary tract and measure the length of the urethra. Measurements were taken from the bladder neck to the urethral meatus as well as from the external sphincter to the urethral meatus. We subtracted these values to determine the length of the urethra from the bladder neck to the external sphincter and to determine the proper size device. The implantable device was available in 60 and 80 mm lengths. Criteria for determining the device length to insert changed during the study. Initially we inserted the shortest one that could extend beyond the measured length. But, we changed our protocol after our initial experience to only implant the 80 mm length.
Insertion and Use of Surinate
We employed a specially designed mandarin stylet that engaged the tip of the catheter and collapsed the malecot wings during insertion into the bladder at 1 cm from the bladder neck (Figure 2) . The previously described urethral measurements were used for insertion distance. One important objective was determining whether the device could be placed correctly. Position in the bladder and urethra was determined by transrectal ultrasound (TRUS) of the malecot in the bladder. Once the device was properly positioned, we disengaged the insertion stylet to expand the malecot wings and inserted a nylon 2,0 tether that extended from the urethra to aid in removal of the catheter if any difficulties arose with the extraction device.
We activated the valve by placing a magnet in the patient's perineum and collected the urine in a handheld urinal, a bedside urinal, or a cup (Figure 2) . We determined three different flow rates (ratio of volume collected to collection time). First, we determined the average flow rate of the first stream of urine with the first magnet activation. This average did not include time searching with the magnet before bladder draining started. Second, we calculated the peak flow rate. For this rate, we placed a cup in the urine stream for collection once the peak flow rate was observed. The collection period for this rate was 10 or 20 s. Third, we calculated an average for the entire procedure and included the total volume voided and the total time taken to empty the bladder, including time searching with the magnet. This calculation did not include the short rest periods between attempts to empty the bladder with the magnet. We used bladder ultrasound to determine initial bladder volume before use of the magnet and the residual after repeated uses of the magnet. Incontinence between attempts to use the magnet for emptying was measured by the increased weight of the patient's diaper. Blood pressure and pulse were monitored before and after each bladder draining. Bladder volume was also monitored every 1 to 2 hours with ultrasound. The catheter was left in place for 24 hours. During this time, the patients were encouraged to engage in their typical daily activities, but activity was limited by the frequent ultrasound scans and bladder emptying procedures. Several objectives were assessed during this time including function, mechanical reliability, and safety. Function was assessed by bladder emptying with residual volume less than 100 mL, bladder emptying without having to add additional pressure such as abdominal straining or abdominal pushing, and a flow rate >3 mL/s (which reduces the amount of time required to empty the bladder). Mechanical reliability was further assessed by determining whether we could repeatedly empty the bladder with application of the magnet. Device migration within the urethra was also a factor in mechanical reliability. Migration was determined by determining whether the magnet location for opening the catheter valve moved during the time when the device was in place. At the end of the study, we attempted to remove the catheter using an extraction device that consisted of a round-end rod. This device was passed into the urethra to engage the distal end of the catheter, which could then be used to pull the catheter out. Thus, an objective for this study was to determine whether the extraction device could engage the catheter and be used to pull the catheter out. If the extraction device was not successful, the catheter was removed using the safety tether. Following extraction, the patients were asked a global question about their willingness to try the device again in the future if another study were available, and they were given the choice of a simple yes or no answer. They were also followed up by telephone follow-up for 1 week to assess any adverse events.
RESULTS
Initial cystometry testing demonstrated that all patients met the entry criteria for enrollment in the study ( Table 2 ). The 20° to 30° tilt in the first four patients produced an abdominal pressure of 8 to 30 cmH 2 O that was reflected in the vesical pressure. However, the detrusor pressures in the first four patients were all close to zero at the start of filling. The fifth patient that was prone had nearly zero abdominal and vesical pressures. Four patients had filling volumes to 300 mL with detrusor pressures below 50 cmH 2 O; however, one of these patients did have a detrusor pressure of 40 cmH 2 O at the 300 mL volume. Patient two had the cystometry stopped at 227 mL because his detrusor pressure reached 50 cmH 2 O. This patient's first detrusor contraction was at 190 mL. Abdominal pressure remained relatively constant in all patients, with an average of 20 ± 11 cmH 2 O at the end of filling (all data presented as mean ± standard deviation).
Cystoscopy did not reveal any significant pathology in any patient. The length of the proximal urethra including the bladder neck, prostatic urethra, and external sphincter was 4.0 ± 2.3 cm, and the length of the urethra from the meatus to the bladder neck (with the penis on mild stretch) was 21.1 ± 0.6 cm.
Insertion of the catheter was problematic in the first patient, who developed autonomic dysreflexia. Initially, the catheter was not inserted all the way into the bladder and, then during a second attempt, it was inserted too far into the bladder. We avoided this problem in subsequent patients by better using the urethral length measurements to judge how far to insert the catheter. Insertion based on cystoscopic measures of the length to the bladder neck and length from the neck to the external sphincter (for the device size) worked well in the last four patients. The valve was palpable in the perineum in two patients, with obesity being a primary interfering factor in the remaining patients. TRUS confirmed placement by displaying the location of the malecot and catheter in the bladder. The valve location in the urethra just proximal to the scrotal perineal junction was effective and was relatively easy for the urologist or nurse-investigator to activate with the external magnet. However, only one patient was able to use the device to empty the bladder without any assistance. Activating the valve was more difficult when the valve was deeper in the perineum, as in patients one through three. These three patients had difficulty using the device independently. The device worked better when patients were sitting up in a wheelchair than when patients were leaning back in bed. The last two patients did not experience any spontaneous urine flow with activation of the valve until strong Valsalva or credê maneuvers were applied. Two patients experienced mild incontinence between uses. Incontinence volumes were low compared with voided volumes. Migration of the device was not noted in any of the patients during the 24-hour trial period.
The four patients with the device implanted for 20 to 24 hours had their bladders emptied an average of nine times with the device ( Table 3) . The average total time to empty the bladder, including time used to position the magnet, was 208 ± 99 s. The total voided volume averaged 242 ± 32 mL, with a mean residual of 42 ± 33 mL. Average flow rates for the first stream ranged from 1.0 to 2.4 mL/s, with an overall average of 1.8 ± 0.7 mL/s.
Peak flow rates using the cup method averaged 4.5 ± 3.6 mL/s (range 1.1-9.3 mL/s). Patient number three had a high peak flow of 9.3 mL/s; however, this high rate was likely due to a spontaneous bladder contraction with some flow around the catheter as the flow did not stop when the magnet was removed. Patient four also had a high peak flow rate when a strong Valsalva was conducted, but this flow was through the catheter as removal of the magnet stopped the flow.
Criteria for determining the length of the device implanted changed during the course of the study. The 60 mm length was chosen for the first two patients as this length was sufficient based on cystoscopy measures. However, because some difficulties were encountered with insertion or use of the device, for the final three patients, we only implanted the 80 mm length. This longer length also facilitated locating the valve closer to the scrotal sac, an area of the urethra that is closer to the skin and thus easier for the magnet to activate.
The extraction device was used successfully in one patient for removal of the catheter. It was also engaged and used to reposition the catheter in a second patient. However, the extraction device did not work to remove the catheter in three of the four patients. The tether worked effectively for removal in these three patients. After the first patient, no serious or unanticipated events occurred. Slightly elevated blood pressure during the 24-hour period was noted in patient two, but no intervention was required. This patient was being treated for essential hypertension, and the condition may have contributed to the elevated pressure in this study. None of the patients reported any pain with use of the device. All the patients answered yes when asked if they would like to try the device again in the future if another study of the device were being conducted.
DISCUSSION
Presently, the majority of patients with SCI, multiple sclerosis, and other neurological impairment who have bladder impairment use CIC to empty their bladders. Other methods are external and Foley catheters [1] [2] [3] [4] [5] [6] . CIC has become the standard of care because it is associated with low rates of adverse events; however, some patients have complications. For example, in this study, patients using CIC reported two to six UTIs a year [4, 7] . Therefore, continuing to investigate new methods of bladder management is important.
Several "intraurethral catheters" have been developed for treatment of benign prostatic hypertrophy or for temporary placement after minimally invasive prostate surgery as an alternative to standard Foley catheters [11] [12] [13] [14] [15] . These catheters share common features with the Surinate; they extend from the bladder neck to the proximal urethra and have retention designs to prevent migration. These devices, however, use the patients' own external urethral sphincter for urinary control rather than a valve mechanism. In addition, none of these devices has become commercially available in the United States. Thus, this report should be of great interest to the many groups that are working in this important area. Another alternative is urethral stents as more permanent urethral implants [16] [17] .
The Surinate is a silicone rubber catheter that has a miniature magnetic proximity valve (a fluid flow valve that opens when a magnet is placed nearby) at its outflow end. The proximal end has a malecot tip to prevent migration. When the catheter is inserted into the urethra, it bridges the bladder neck, prostate, and external sphincter and provides a valve connection between the bladder and the bulbous urethra. The valve is opened by a small, handheld magnet placed against the perineum. Valve closure is spontaneous when the handheld magnet is withdrawn from the body. The device will be designed as an indwelling catheter to be changed on a monthly basis. Magnetcontrolled urine flow was established in the last four patients.
Some aspects of this device worked in this study. Placement using measurement of the urethra with cystoscopy was effective, except for the first patient, when measuring methods were still being developed. Although TRUS confirmed placement of the device, we do not think that TRUS would be required if routine clinical application of a device like this were to occur. Migration of the device was not a problem; it stayed where it was implanted for 24 hours. Although the extraction device did not work well, the tether worked for removal. The extraction device had a rounded end so that even though it was a blind attempt to engage the device in the urethra for extraction, it did not appear to cause any urethral trauma. An effective extraction device is an important area of redesign.
Problems were identified in the last four patients that will require design changes. Patients had difficulty using the device independently. Some could not hold the magnet in place and hold a urinal at the same time. Low flow rates need to be increased in future devices. Emptying was improved in the upright position in some patients. We believe that this improvement was due to higher abdominal pressures (pressures not measured) when the patient was in the more upright position. Passive abdominal pressure was not adequate for effective bladder emptying in two of the four patients. This finding indicates a problem with the device, possibly kinking of the tubing within the urethra. Alternatively, the valve may have been too small to allow for adequate flow. In vitro studies demonstrated a flow rate through the valve of 2.9 ± 0.1 mL at 50 cmH 2 O (data from Urovalve, Inc). The problems encountered during this feasibility study should be addressed in design changes to the Surinate prior to future studies.
The patient's urodynamic status is not expected to be an important factor for functioning of the device. For example, the bladder hyperreflexia in patient two or the noncompliant bladder in patient four should both allow for urine flow when the valve is opened with the magnet. However, as the valve is normally closed when not activated by the magnet, we will need to conduct urodynamics to assess at what volume bladder contractions occur and determine the frequency of device use to avoid spontaneous bladder contractions. Encouragingly, the use of the 80 mm-long device resulted in the valve location under the scrotum, a location for easy magnet activation.
Limitations of the study include the short time period of 24 hours of testing. In addition, the use of antibiotics by the patients means that possible effects of the device on UTI rates could not be studied. Future studies should include additional urodynamic measures. Bladder pressure cannot be recorded as the Surinate prevents placement of another catheter through the urethra into the bladder for pressure recording. Rectal pressure could be recorded and would add an important measure of abdominal pressures. The Ontario Neurotrauma Foundation has given this area of research a high priority for the goal of improved SCI bladder management [10] .
CONCLUSIONS
Results showed effective implantation and stability of the device in the urethra. However, objectives for use of the device and extraction were not met. Thus, we obtained important information to guide design improvements for the intraurethral valved catheter. An improved device could warrant further investigation to meet the stated objectives such as independent patient use with an adequate urine flow as well as reliable device implantation and extraction.
